Chemical concentration and water temperature are given only in metric units. Chemical concentration is given in grams per milliliter or milligrams per liter. Grams and milligrams per liter are units expressing the solute per unit volume (liter) of water.
INTRODUCTION
In 1983, the level of Great Salt Lake began a rapid rise, and by 1986, the level had reached a new historic high of 4,211.85 feet above sea level, causing flooding around the lake. To combat the rising waters, the State implemented two lake-level-control measures: (1) Breaching the Southern Pacific Transportation Co. causeway, and (2) beginning the West Desert pumping project.
In 1984, the Southern Pacific Transportation Co. causeway was breached by a 270-foot opening at a site near Lakeside on the western edge of the lake. The breach was designed to equalize the hydraulic-head differential that had developed between the parts of the lake to the south and north of the causeway, the water to the south being the highest. Although the project was successful in lowering the level of the south part by about 9 inches, the level of the entire lake continued to rise in response to above-average precipitation over the entire basin.
The West Desert punping project was the second lake-level-control measure implemented. The pumping project was designed to remove water from Great Salt Lake and store it in Newfoundland Evaporation Basin, locally known as West Pond, where additional storage area was available, and where additional surface area would provide for a net increase in evaporation. The local name, West Pond, is used throughout this report. On April 10, 1987, the first of three pumps was started at the new pumping station at Hogup Ridge ( fig. 1 ) on the western shore of Great Salt Lake. The brine was lifted from the north part of the lake and discharged westward through a 4-mile long canal. At the end of the canal, the brine spread out on the floor of the Great Salt Lake Desert north of the Southern Pacific Transportation Co. causeway, and then flowed southward through a trestle into West Pond.
West Pond occupies a natural basin depression in the Great Salt Lake Desert. The two Bonneville Dike segments (south of Floating Island) ( fig. 1 ) were built to protect the Bonneville Salt Flats to the west and the interstate freeway to the south. The Newfoundland Dike (south of the Newfoundland Mountains) ( fig. 1 ) was built to keep the water from flowing to the northeast and into the lake. The Newfoundland Dike also was designed to provide control of the elevation of the water through a series of adjustable weirs. When filled to its capacity elevation of 4,216.5 feet above sea level, the maximum depth of West Pond is about 7 feet, and it covers an area of about 320,000 acres.
The quantity of inflow and outflow of brine for West Pond is controlled by the rate of pumpage into the pond, by evaporation, by withdrawal of brine by American Magnesium Corporation (AMAX), and by the elevation of the weirs at the Newfoundland Dike. AMAX constructed a solar ponding complex at the southern end of West Pond in which brine from West Pond is stored and used as feedstock for their new brine-concentration facility.
During the first year of the West Desert pumping project (April 10, 1987 , to April 6, 1988 , data were collected as part of a monitoring program to determine the quantity and distribution or fate of dissolved salts that were pumped into West Pond, Utah. The study was done by the U.S. Geological Survey in cooperation with the Utah Geological Survey and the Utah Department of Natural Resources, Division of Water Resources.
Purpose and Scope
The purpose of this report is to present the results of a study conducted by the U.S. Geological Survey to evaluate the quantity and distribution of dissolved salts that were pumped into West Pond from Great Salt Lake and determine the quantity of outflow from West Pond to Great Salt Lake. A salt budget was prepared to make the evaluations of salt distribution.
Data used for the evaluation, such as specific gravity, water levels, and chemical constituents of brine, were collected as part of a monitoring program that began April 10, 1987, when pumping to West Pond was started. Pumping records and concentration of brine at the pumping station and at the AMAX facility, and outflow and concentration at the Newfoundland weir were used to estimate the inflow and outflow of brine to and from West Pond. These data were used to prepare a salt budget for West Pond. Data shown in the salt budget include the quantity of pumpage and inflow to West Pond from Great Salt Lake, the quantity of storage in West Pond, the quantity of salt stored in subsurface sediments, withdrawals by AMAX, and outflow through the Newfoundland weir that returns to Great Salt Lake or remains as a shallow lake in an area east of the Newfoundland Mountains.
Well-and Spring-Numbering System
The system of numbering wells and springs in Utah is based on the cadastral land-survey system of the U.S. Government. The number, in addition to designating the well, describes its position in the land net. By the landsurvey system, the State is divided into four quadrants by the Salt Lake Base Line and the Salt Lake Meridian, and these quadrants are designated by the uppercase letters A, B, C, and D, indicating the northeast, northwest, southwest, and southeast quadrants, respectively. Numbers designating the township and range (in that order) follow the quadrant letter, and all three are enclosed in parentheses. The number after the parentheses indicates the section, and it is followed by three letters indicating the quarter section, the quarter-quarter section, and the quarter-quarter-quarter section generally 10 acres 1 ; the letters a, b, c, and d indicate, respectively, the northeast, northwest, southwest, and southeast quarters of each subdivision. The number after the letters is the serial number of the well within the 10-acre tract. If a well cannot be located within a 10-acre tract, one or two location letters are used and the serial number is omitted. Thus, (B-l-15)7cab-3 designates the third well constructed or visited in the NW?NEiSWi sec. 7, T. IN., R. 15 W. The numbering system is illustrated in figure 2.
DATA COLLECTION AND ANALYSIS
To evaluate the quantity and distribution or fate of dissolved salts that were pumped into West Pond, the following were monitored: (1) The quantity of brine pumped from Great Salt Lake into West Pond, (2) the quantity of brine pumped from West Pond by AMAX, (3) the quantity of brine stored in West Pond, (4) the quantity of outflow from West Pond, and (5) the salinity of the brines.
The agencies and companies collecting $ata necessary for the monitoring program were Eckhoff, Watson, and Preator Engineering (EWP); Utah Geological Survey (UGS); U.S. Geological Survey (USGS); Utah State University (USU); and American Magnesium Corporation (AMAX). The responsible agencies, performing agencies and companies, and period and frequency of data collection are listed in table 1. Pumpage to West Pond was computed by EWP using rating curves for the pumps in conjunction with total hours of pumping and fuel consumption. The rating curves provide the discharge as a function of the revolutions per minute of the pump. AMAX used a similar method to compute discharge from pumps that divert brine from West Pond to their evaporation ponds.
Outflow from West Pond was computed using weir ratings and pond-elevation data. The weir ratings provide the discharge as a function of the difference between the static lake elevation and the elevation of the weir. Pondelevation data were recorded continuously at a gage on the Newfoundland Dike ( fig. 1 ).
Precipitation and evaporation were computed from data collected at five climatic-data sites on and near West Pond ( fig. 1 ). Climatic data included wind speed and direction, solar radiation, relative humidity, and average daily temperature.
SALT BUDGET FOR WEST POND
The quantity of salt pumped into West Pond from Great Salt Lake during April 10, 1987 , to April 6, 1988 , should approximate the quantity of salt stored in the pond on April 6, 1988, plus that which left the pond through the Newfoundland weir, was withdrawn by AMAX, or entered into the shallow groundwater storage in West Pond. An accounting of the tonnages, considering the effect of possible errors, is shown in table 2.
Considering mean values of tonnages in table 2, 64 percent of the quantity of salt pumped from Great Salt Lake was stored in West Pond on April 6, 1988. The remaining quantity, 36 percent, comprised withdrawal by AMAX, subsurface infiltration into areas inundated by storage in West Pond, and discharge from West Pond through the Newfoundland weir.
The estimate based on mean values in table 2 indicates that about 58 million tons or 17 percent of the salt that was pumped into West Pond is not accounted for by the budget calculations. Computations based on the minimum estimated inflow, maximum estimated outflow, and maximum estimated storage indicate that about 8.8 million tons or about 3 percent of the pumped salt is unaccounted for. Most of the inaccuracy in the budget is believed to be associated with the elevation-volume relations which affect the computed loads of salt stored in West Pond and with estimates of outflow through the Newfoundland weir. (See section "Storage in West Pond".)
Pumpage and Inflow
Brine inflow to West Pond consists of water pumped from Great Salt Lake by three large pumps whose combined maximum pumping capacity is approximately 3,300 cubic feet per second. The design pumping rate is 2,800 cubic feet per second. The monthly and cumulative volumes and salt loads of brine pumped to West Pond are shown in figure 3. These data were obtained from monthly reports prepared by EWP.
Because of the annual rise and fall of the Great Salt Lake level, the brine concentration varies throughout the year. Thus, for a given pumping rate, the quantity of salt that is pumped during a given month is dependent on the brine salinity. The concentration of dissolved solids of the brine that was pumped from April 1987 to May 1988 is shown in figure 3 .
The load of dissolved salts entering West Pond each month was computed from the product of the monthly volume in acre-feet and the average concentration of dissolved solids for a given month in tons per acre-foot (the factor for converting the concentration of dissolved solids in grains per liter to tons per acre-foot is 1.3564). The graph showing cumulative salt loads in figure 3 indicates that approximately 334 million tons of salt was pumped from the lake during April 10, 1987, to April 6, 1988. Minimum and maximum values were computed assuming HH 5 percent error in measurements of pumping.
2 The maximum value was computed with elevation^volume curves prepared by EWP and the minimum value was computed with U.S. Geological Survey elevationvolume curves.
3 Minimum and maximum values were based on an estimated range of thicknesses for the unsaturated zone, at West Pond and east of the Newfoundland Mountains.
4 Minimum and maximum values were computed using HH 10 percent error (Brent S. Bingham, Bingham Engineering, oral conmun., August 9, 1990). The largest tonnage of salts included in the budget calculations is fron pumpage into the pond. The accuracy of the pumpage estimates was not evaluated; however, a 5 percent error in pumpage estimates would result in an error of 16.7 million tons of salt in the budget. If the pumpage was overestimated by 5 percent, then the total quantity of salt pumped into the pond would be about 317 million tons, and if underestimated by 5 percent, the total quantity of salt pumped would be 351 million tons.
The quantity of salt dissolved in Great Salt Lake prior to the pumping project was estimated to be about 4.9 billion tons. Thus, the quantity of salt pumped from Great Salt Lake into West Pond during April 10, 1987 , to April 6, 1988 , was about 6.5 to 7.2 percent of the salt contained in the lake.
Storage in Vfest Pond
Once the brine enters West Pond, it begins to concentrate as water is evaporated. The salinity is smallest to the north where the pumped brine enters from the canal, and it is largest at the southern end and at the weir in the Newfoundland Dike. During the hot summer months when the concentration of dissolved solids exceeds about 355 grams per liter, halite (sodium chloride) will precipitate onto the botton of the pond. Ideally, the halite will dissolve into the less concentrated water that is pumped into the pond. During the cold winter months, mirabilite, a hydrated sodium sulfate, will precipitate when the brine temperature drops below about 3 degrees Celsius (the solubility temperature varies, depending upon the concentration of dissolved solids) and will dissolve as the brines warm again in the spring.
West Pond has been sampled twice for the purpose of computing the quantity of salts stored in the pond. The first sampling was carried out by EWP using a helicopter overflight on December 10, 1987, and the second was from an air boat by the USGS and UGS during April 4-6, 1988.
During April 4-6, 1988, field measurements for temperature and specific gravity were made, and samples were collected at 24 sites on West Pond (fig.  4) . The location for each site was determined through the use of an electronic-sensing instrument for remote determination of latitude and longitude, and a USGS map, scale 1:100,1300, showing the bathymetric contours of the bottom of the pond (Chapman and Sappington, 1986) .
Sampling sites were selected along eight approximate east-west lines through the sections of West Pond (fig. 4) . Specific gravity and temperature measurements were made at the surface and bottom of West Pond where depths were greater than 2 feet and at the surface only when depths were less than 2 feet. Measurements also were made at intermediate depths at each site if there were substantial differences between the surface and bottom measurements of specific gravity. Samples for chemical analysis also were collected at selected sites and depths; 23 samples were selected and analyzed for major ions (table 3) . West Pond was divided into 10 sections for the purpose of calculating the salt load.
It is believed that no halite was deposited on the pond floor at the times Vfest Pond was sampled. During the December 1987 and April 1988 sampling periods, the maximum observed concentration of dissolved solids was less than the saturation concentration of 355 grams per liter at which sodium chloride The salt load contained in West Pond was determined by computing the loads for each section of the pond. Because there was vertical stratification, incremental loads for one-foot sublayers were computed within each section. This required determining the volume and average concentration of dissolved solids in each sublayer. The average concentration of dissolved solids was determined from specific gravity or density using the relation shown in figure 5 .
The volume of each sublayer for each section was computed by digitizing the areas defined by the bathymetric contours on the 1:100,000 scale map and then preparing elevation-volume relations for each section (fig. 6 ). The salt load for a sublayer then was computed from the product of the concentration of dissolved solids and the volume of a sublayer (table 6).
The salt load for each section was then calculated from the sum of the sublayer loads, the loads for all sections were summed, and it was determined that 189 million tons of dissolved salt were contained in West Pond during April 4-6, 1988 (table 4). The salt stored in West Pond is about 56 percent of the quantity of salt in brine pumped from Great Salt Lake. EWP prepared elevation-volume relations from map imagery that showed larger volumes than were computed using the USGS map. The elevation-volume curve prepared by EWP shows that at an elevation of 4,216.35 feet, the volume is 727,000 acre-feet. The curve prepared fron the USGS map shows a volume of 586,000 acre-feet, or a difference of about 24 percent. This 24 percent increase in brine volume increased the salt load to about 240 million tons, which is about 72 percent of the quantity of salt pumped into West Pond during April 10, 1987 , to April 6, 1988 For the sampling in December 1987, a similar procedure was used to compute salt loads, except that West Pond was divided into 5 sections ( fig. 7) instead of 10 for purposes of computing tonnages of salt. Also, there was no subdivision into incremental sublayers. The salinity of the brine for each of the five pond segments was calculated by averaging the salinity values of the surface and bottom samples that were collected within each section. The total salt load computed for the sampling in December was 184 million tons (table 5). Total (rounded) 575,000 184,000,000
Subsurface Storage
The unsaturated sediments beneath the floor of West Pond probably became saturated during the filling of West Pond. The quantity of salt stored in the subsurface sediments depends on the depth to the water table before pumping began, the inundated area, the specific yield of the sediments, and the salinity of the brine infiltrating the sediments.
Using water levels obtained during the drilling of test holes prior to construction of the dikes (Eckhoff, Watson, and Preator Engineering, and Dames and Moore, 1985) and from monitoring wells near the dikes about 2 months after the pond began filling, the depth to the water table was estimated to range from about 0.5 to 1.1 feet. Depth to ground water near the north end of West Pond is not known, and could be a relatively minor source of error for the salt budget. The land surface at the north end of West Pond is 2 to 3 feet lower than the land surface at the south end and the water table probably slopes slightly to the north; however, the depth to water should be about the same or less than at the south end.
Data from Johnson (1967) indicate that specific yield of sediments similar to those in the Great Salt Lake Desert should range from about 5 to 10 percent. The salinity of the brine that seeped into the subsurface beneath West Pond was assumed to be the weighted average concentration computed from sampling on West Pond during April 4-6, 1988, which was 240 grams per liter. The area inundated by West Pond was estimated to be about 277,000 acres, so the total salt load that seeped into the sediments ranged from 4,500,000 (using an unsaturated thickness of 0.5 foot) to 9,900,000 tons (using unsaturated thickness of 1.1 feet, see compilation on next page) and represents 1.3 to 3 percent of the quantity of salt pumped from Great Salt Lake. On January 21, 1988, AMAX began pumping brine from West Pond into a 54,000-acre solar evaporation complex. Pumping records supplied to EWP by AMAX indicate that about 42,000 acre-feet of brine was pumped frcm West Pond into their system during January 21 to April 6, 1988 (fig. 8 ).
The average monthly concentration of dissolved solids ( fig. 8 ) of the brine being pumped by AMAX was calculated frcm frequent density measurements. The load of dissolved salts withdrawn frcm West Pond each month was computed from the product of the monthly volume in acre-feet and the average concentration of dissolved solids for a given month. The graph of cumulative loads shown in figure 8 indicates that AMAX pumped about 12,800,000 tons of salt into their facility from January 21 to April 6, 1988. Assuming a 5 percent error in AMAX pumpage estimates, withdrawal of salt was estimated to range from 12.2 to 13.4 million tons or about 3.6 to 4.0 percent of the quantity pumped frcm Great Salt Lake.
Outflow through Newfoundland Weir
Outflow from West Pond is controlled by a 1,004 foot-long weir in the Newfoundland Dike. The weir consists of a series of 4-foot openings separated by segments of a solid wall. Within the openings, 4-foot long stop logs can be placed horizontally, one on top of the other, to provide for variable crest elevations.
Outflow from West Pond through the Newfoundland weir did not occur on a regular basis. Estimates provided by Bingham Engineering (Brent S. Bingham, written commun., June 17, 1990) showed that 117,000 acre-feet of brine passed through the Newfoundland weir during November 16, 1987 , to April 6, 1988 ). The amount of salt to leave West Pond via the weir during April 10, 1987 , to April 6, 1988 , is about 40.6 million tons or about 12 percent of the salt that was pumped frcm Great Salt Lake. Outflow through the weir was estimated using a weir rating curve. The rating curve expresses discharge as a function of the head above the weir crest. The head was determined from the difference between the pond elevation and the weir crest. A gage was installed to continuously monitor the pond elevation on December 1, 1987, but during the first six weeks of operation, the recording equipment malfunctioned; thus, for December 1, 1987 , to January 13, 1988 , only infrequent measurements of pond elevation are available and estimates of outflow could be quite large. The error in computing outflow during November 16, 1987 , to April 6, 1988 , was estimated to be plus or minus 10 percent (Brent S. Bingham, Bingham Engineering, oral commun., August 9, 1990) , so the estimated tonnage of salt load that flowed through the weir ranged from 36.5 million to 44.5 million tons, which is about 11 to 13 percent of the salt that was pumped from the lake.
RETURN FLOW TO GREAT SALT LAKE
A part of the brine outflow returned to Great Salt Lake and the rest formed a small, shallow lake that occupied an area of about 60,000 acres east of the Newfoundland Mountains. This shallow lake is shown on the December 18, 1987, photo ( fig. 10 ). The quantity of brine that returned to Great Salt Lake was estimated as the difference between the quantity of outflow through the Newfoundland weir (117,000 acre-feet) and the quantity stored in the shallow lake area and in the unsaturated sediments beneath the shallow lake.
Using the aerial photograph (December 18, 1987) (fig. 10) showing the shallow lake area formed by the return flow and a USGS map (scale 1:100,000), the shallow lake area was estimated to be 60,000 acres, and the average depth of the shallow lake was estimated to have ranged between 0.25 and 0.5 foot, so the volume of brine in the shallow lake ranged between 15,000 and 30,000 acrefeet. The difference between the quantity of outflow through the Newfoundland weir (117,000 acre-feet) and the quantity stored in the shallow lake area (15,000 to 30,000 acre-feet) and in the unsaturated sediments beneath the shallow lake (3,000 to 6,600 acre-feet) is 80,400 to 99,000 acre-feet and represents the return flow to Great Salt Lake. Estimates of infiltration were made using a procedure similar to computations of subsurface storage beneath the floor of West Pond (see section "Storage in West Pond").
Assuming that the concentration of dissolved solids in the return flow to Great Salt Lake was the same as the discharge-weighted average of the outflow from the weir (255 grams per liter), the total salt load returned to Great Salt Lake ranged from about 28 to 34 million tons. The quantity of salt returned to Great Salt Lake is about 8 to 10 percent of the quantity pumped from the lake.
SUMMARY
During the first year of the West Desert pumping project (April 10, 1987 , to April 6, 1988 , a salt budget was prepared that indicates about 317 to 351 million tons of salt was pumped from Great Salt Lake into West Pond. About 28 to 34 million tons or 8 to 10 percent of salt pumped was returned to Great Salt Lake. (Multi-spectral photos, a Landsat photo product, purchased from EOSAT Co., Lanham, Maryland.)
Of the quantity of salt pumped into West Pond, about 64 percent was stored in West Pond. The remaining quantity, about 36 percent, comprised withdrawal by American Magnesium Corporation, subsurface infiltration into areas inundated by storage in West Pond, and discharge from West Pond through the Newfoundland weir.
About 17 percent of the salt pumped from the lake could not be accounted for by the monitoring program. Most of the inaccuracy in the budget is believed to be associated with the elevation-volume relations that affect the computed salt loads stored in West Pond. The elevation-volume curve prepared by EWP shows that at an elevation of 4,216.35 feet, the volume is about 24 percent larger than conputed using elevation-volume relations developed using the U.S. Geological Survey map, scale 1:100,000. The salt loads computed using elevation-volume relations prepared by EWP increased the salt load to 240 million tons. 
